Pairs of asteroids sharing similar heliocentric orbits, but not bound together, were found recently [1] [2] [3] . Backward integrations of their orbits indicated that they separated gently with low relative velocities, but did not provide additional insight into their formation mechanism. A previously hypothesized rotational fission process 4 may explain their formation-critical predictions are that the mass ratios are less than about 0.2 and, as the mass ratio approaches this upper limit, the spin period of the larger body becomes long. Here we report photometric observations of a sample of asteroid pairs, revealing that the primaries of pairs with mass ratios much less than 0.2 rotate rapidly, near their critical fission frequency. As the mass ratio approaches 0.2, the primary period grows long. This occurs as the total energy of the system approaches zero, requiring the asteroid pair to extract an increasing fraction of energy from the primary's spin in order to escape. We do not find asteroid pairs with mass ratios larger than 0.2. Rotationally fissioned systems beyond this limit have insufficient energy to disrupt. We conclude that asteroid pairs are formed by the rotational fission of a parent asteroid into a proto-binary system, which subsequently disrupts under its own internal system dynamics soon after formation.
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Analyses of the orbits of asteroid pairs reveal some common properties. Asteroid pairs are ubiquitous, being found throughout the main belt and among the Hungaria asteroids 5 . Pair members have low relative velocities, of the order of metres per second in the space of proper elements (d prop ): the best studied asteroid pair, 6070-54827, has a relative speed after mutual escape of only 0.17 m s 21 (ref. 3). They are young, with most pairs having separated less than 1 Myr ago (Supplementary Information). The existence of a population of bound binary systems with a similar range of sizes suggests that related processes may account for both binary formation and pair formation. Previous investigations have indicated that binaries form from parent bodies spinning at a critical rate by some sort of fission or mass shedding process 4, 6, 7 and that binaries formed by fission will initially have chaotic orbit and spin evolution 8 . The free energy of a binary system formed by fission, defined as the total energy (kinetic and potential) minus the self-potentials of each component 9 , is found here to play a fundamental role in the evolution of a binary. Systems with mass ratios less than ,0.2 have a positive free energy and can escape under internal dynamics, whereas systems with greater mass ratios have a negative free energy and cannot so escape. As the system mass ratio approaches this limit, kinetic energy for escape is drawn from the rotation of the primary (the larger member of the pair), leaving it rotating at a slower rate. This model predicts (1) that primaries of pairs with small mass ratios rotate near to their critical fission period, (2) that as the mass ratio approaches 0.2, the primary period grows long, and (3) that beyond this limit of ,0.2, disruption of the binary is not possible (see Supplementary  Information) .
We studied the relative sizes, spin rates and shapes of pairs and binaries via a photometric observational program. Our sample consists of 35 asteroid pairs, listed in 97 were identified by backward orbit integrations of the pair's components. The only selection criterion, other than the pair identification procedures used in the above references, was that the pairs occurred in favourable conditions (brightness, position in the sky) for photometric observations with available telescopes. Our sample covers a range of sizes of 1.9-7.0 km for primaries and 1.2-4.5 km for secondaries, with medians of 3.2 km and 1.9 km, respectively, as estimated from the asteroids' absolute magnitudes 6 , assuming geometric albedos according to their orbital group membership 10 . We integrated orbits of the asteroid pairs backward to 1 Myr before present using techniques developed in refs 1-3, and achieved convergence for 31 of the 35 asteroid pairs in our sample. This strengthened their identification as real, genetically related pairs, and also provided estimates of ages of the pairs (T). The four pairs for which convergence was not achieved may be older than 1 Myr (see Supplementary  Information) .
We estimate the size ratio (X) and mass ratio (q) between the components of an asteroid pair from the difference between their absolute magnitudes (DH ; H 2 2 H 1 ), using the relation between an asteroid's absolute magnitude (H), effective diameter (D) and geometric albedo 6 . Assuming that the components have the same albedo and bulk density, the size ratio is X ; D 2 /D 1 5 10 2DH/5 and the mass ratio is q ; M 2 /M 1 5 X 3 , where M 1 and M 2 are respectively the mass of the primary and the secondary (see Supplementary Discussion 2). A dominating source of uncertainty in the estimates of X and q is the uncertainty in the estimated absolute magnitude of each component. For all asteroids in this work, we have used absolute magnitude estimates obtained as a by-product of asteroid astrometric observations published in the AstDyS catalogue (also used in ref.
2). We estimated the mean uncertainty of the catalogue absolute magnitudes for our studied paired asteroids to be dH < 0.3 mag. This propagates to a relative uncertainty in the estimated size ratio of 20%. Figure 1 presents the observed spin period of the primaries (P 1 ) versus DH for the 32 primaries studied. These spin rates show a correlation with the mass ratio q between members of the asteroid pairs. Specifically, primaries of pairs with small secondaries (DH . 2.0, q , 0.06) rotate rapidly and their spin periods have a narrow distribution from 2.53 h to 4.42 h with a median of 3.41 h, near the critical fission rotation period. As the mass ratio approaches the predicted approximate cut-off limit of 0.2, the primary period grows long. The correlation coefficient between v 1 2 5 (2p/P 1 ) 2 and q is 20.73, and the Student's t statistic is 25.94 for the number of degrees of freedom of the sample (30), showing that the correlation is significant at a level higher than 99.9% (see Supplementary  Information) .
It is notable that the distribution of the spin periods of primaries of pairs with small secondaries (see above) is similar to that of the spin periods of primaries of orbiting binaries with similar sizes and size ratios. From a database of binary system parameters 6 , we find that main belt and Hungaria binaries with primary diameters D 1 5 2-10 km and size ratios D 2 /D 1 , 0.4 (q , 0.06) have primary rotation periods from 2.21 h to 4.41 h, with a median of 2.92 h.
The observed primary spin rate distribution is consistent with pair formation via the mutual escape of a transient proto-binary system formed from the rotational fission of a critically spinning parent body. In Fig. 1 we show theoretical curves that incorporate constraints on the expected spin period of a primary, assuming a system that is initially fissioned and later undergoes escape. For these computations, systems are given an initial angular momentum consistent with a critical rotation rate, as observed in orbiting binary systems 6 .
Then, assuming conservation of energy and angular momentum, we evaluate the spin period of the larger body if the binary orbit undergoes escape. For simplicity we assume planar systems. Shape ratios of the primary and secondary are incorporated into the energy and angular momentum budget 6 and in conjunction with a range of initial angular momentum values lead to the envelopes shown in Fig. 1. (The mathematical formulation of the model is given in Supplementary Information.)
The observed data for paired asteroids show consistency with the theoretical curves from our simple model described above (a postfission system of two components starting in close proximity). This starting condition and subsequent process is consistent with the rotational fission model 4, 8, 11 , which treats the parent asteroid as a contact binary-like asteroid with components resting on each other. A mechanism to spin the asteroid up to its critical rotation frequency is provided by the Yarkovsky-O'Keefe-Radzievskii-Paddack (YORP) effect 12 . When the angular momentum of the system is increased sufficiently, the components can enter orbit about each other: this is what we term rotational fission. The fission spin rate is a function of the mass ratio between the components: for large mass ratios or highly ellipsoidal shapes, the spin period can be significantly longer than the surface disruption limit of a rapidly spinning sphere 4 . The free energy of the proto-binary system is also a strong function of the mass ratio between the components and is relatively independent of the mutual shapes of the pairs that enter fission; the theory 4 predicts that systems with q less than about 0.20 will have a positive free energy, and that systems with greater mass ratios will have a negative free energy. Taking shapes into account, there is some variability about this value of the mass ratio, which ranges up to 0.28 for more distended shapes 8 . Data on spin rates of paired asteroids were taken with our photometric observations from the following observatories: Carbuncle Hill (West Brookfield, Massachusetts, USA), Cerro Tololo, Dark Sky (University of North Carolina, USA), La Silla, Lick, Maidanak, Modra, Observatoire de Haute-Provence, Pic du Midi and Wise (Tel-Aviv University, Israel). We also include published data for the paired asteroid (9068) 1993 OD (refs 13,14) . In total, we estimated rotation periods (P) and lightcurve amplitudes (A) for 32 primaries (subscript '1') and 8 secondaries (subscript '2') of the 35 asteroid pairs in our sample. (Details given in Supplementary Information.) Suffix 'v' in the second column indicates a long-term instability of the heliocentric orbits that affected (increased) the estimated d prop value (ref.
2). The error bars of the T estimates represent a 90% probability interval estimated as described in Supplementary Information. dP 1 and dP 2 , standard errors of the estimated periods. In the seventh and eleventh columns, we give quality code ratings (U) for the estimated periods, as described in ref. 10 .
Further evidence indicates that asteroid fission as described here may not be the only process at work in the formation of multicomponent asteroid systems. There is a disparity between the lightcurve amplitudes of the primary components in asteroid pairs and binary systems (Fig. 2) . This cannot be explained by the mechanism of rotational fission alone, as all asteroid systems that undergo rotational fission are initially unstable, regardless of the degree of elongation 8 . Although a more elongated primary may be more efficient at ejecting a secondary, numerical simulations show that ejection can occur even for systems with moderate elongation (Supplementary Information). The above-mentioned disparity in lightcurve amplitudes suggests either that some process occurs during the formation of a stable binary asteroid to give a nearly symmetric primary or that a different formation mechanism is at work 7 . Further observational and theoretical studies must be carried out to discover a cause for this pattern.
The fission mechanism that describes our observations is independent of mineralogical properties, and only depends on mechanical/gravitational interactions between two mass components. This independence, together with the ubiquity of asteroid pairs and binary asteroids, and the occurrence of binaries among the major taxonomic types (S and C), leads us to speculate that the formation of asteroid binaries is driven by mechanical and not mineralogical properties. Similarly, the choice of a 1 /b 1 5 1.5 for the lower limit cases is because the point closest to the lower limit curve has the amplitude A 1 5 0.49 mag, suggesting that the equatorial elongation is ,1.5. Circles, data points with quality code rating U 1 5 3, meaning a precise period determination; diamonds, data points with U 1 5 2, which are somewhat less certain estimates (see Table 1 and Supplementary Information). Error bars, standard errors. 
